Introduction: There are limited data available regarding the fraction of inspired oxygen (FiO 2 ) predictive of the failure of continuous positive airway pressure (CPAP) in preterm infants with respiratory distress syndrome (RDS). Therefore, we investigated factors predictive of CPAP failure in the first 72 h of life, with special attention to the prognostic role of FiO 2 . Methods: This multicenter, prospective study enrolled infants < 30 weeks gestation in whom CPAP was initiated within the first 15 min after birth. In the univariate and multivariate logistic regression models, demographic, perinatal, and respiratory parameters were analyzed. The FiO 2 threshold was determined with ROC curve analysis. Results: Of 389 recruited newborns, CPAP failure occurred in 108 infants (27.8%). In the univariate model, each gestational week reduced the odds of CPAP failure by 19%, and each 100 g of birth weight reduced the odds by 16% (both p < 0.05). The risk was increased by 4.2 and 7.5% for each 0.01 increase in FiO 2 in the first and second hours of life, respectively. In the final multivariate model, birth weight and FiO 2 in the second hour of life were the predictive measures. The prognostic threshold was FiO 2 = 0.29 in the second hour of life (AUC 0.7; p < 0.0001), with a sensitivity of 73% and a specificity of 57%. CPAP failure implied a more than 20-fold higher risk of death and pneumothorax and a 2-to 5-fold higher risk of typical complications of prematurity, including bronchopulmonary dysplasia and severe intraventricular hemorrhage. Conclusion: FiO 2 in the second hour of life is a significant predictor of CPAP failure. The threshold of 0.29 best discriminates the CPAP outcome. Nonresponders to CPAP have a remarkably higher incidence of complications and a higher mortality rate.
Introduction
The treatment of neonatal respiratory distress syndrome (RDS) with nasal continuous positive airway pressure (CPAP) is now widespread in preterm newborns DOI: 10.1159/000499674 who do not require intubation during post-birth stabilization [1, 2] . According to the 2016 European Guidelines on the management of RDS, early nasal CPAP is recommended as the first-choice treatment in infants < 30 weeks' gestation, who are at risk of RDS, but do not require mechanical ventilation (MV) [3] . The key clinical benefit of the early initiation of CPAP is the potential avoidance of invasive ventilation with all the related sequelae [4] . However, the efficacy of early CPAP may vary, and the success rate largely depends on the gestational age [5, 6] . Of note, infants who fail CPAP are at increased risk of death, pneumothorax, and bronchopulmonary dysplasia (BPD), among other morbidities [5, 6] .
Surfactant deficiency has been suggested to be the main cause of CPAP failure; therefore, from a clinical perspective, it is vital to identify surfactant-deficient infants as soon as possible and to introduce early rescue surfactant therapy. Several factors predictive of treatment failure have been proposed in the literature, of which the maximum fraction of inspired oxygen (FiO 2 ) in the first hours of life was most often reported [5, 6, [7] [8] [9] [10] [11] . Available data regarding the specific level of FiO 2 , which is predictive of CPAP failure, are still limited. Many experts pose the following questions: "which newborns have the highest risk of CPAP failure?" and "when should the decision on surfactant administration be made?"; thus, we conducted a multicenter, prospective trial to assess relevant prognostic factors and, most importantly, to define the FiO 2 threshold indicative of likely CPAP failure.
Patients and Methods
This prospective, multicenter, cohort study was conducted from October 2016 to January 2018 in 29 tertiary referral neonatal intensive care units. The study protocol was approved by the Human Ethics Committee of Warsaw Medical University in accordance with the principal investigator's affiliation.
The enrollment criteria were: (1) preterm infants at risk of RDS, not requiring MV in the delivery room, (2) gestational age less than 30 weeks, and (3) CPAP initiated within 15 min of birth. The presence of clinically significant congenital defects was an exclusion criterion.
The incidence of CPAP failure was defined as the percentage of infants requiring invasive ventilation within the first 72 h of life. All study sites used the following criteria for invasive ventilation as established by the guidelines of the Polish Neonatal Society [12] : apnea not responding to stimulation, excessive breathing effort despite noninvasive respiratory support, hypercarbia > 55 mm Hg, and low blood oxygen tension (PaO 2 < 50 mm Hg or SpO 2 < 87% with FiO 2 > 0.6).
If surfactant was required, centers with insufficient experience in less invasive surfactant administration (LISA) could use the IN-SURE technique (intubation-surfactant-extubation). INSURE did not determine failure of CPAP provided that the infant could be extubated within 30 min at the latest. The criteria for surfactant administration were FiO 2 > 0.3 in infants ≤26 weeks and > 0.4 in infants > 26 weeks. FiO 2 in the first hours of life was defined as the highest oxygen concentration delivered to maintain a target saturation range of 90-94%, as recommended by the European RDS guidelines 2016.
To assess factors predictive of CPAP failure, we used both univariate and multivariate logistic regression analysis, in which demographic, perinatal, and respiratory parameters were independent variables. In multivariate analysis, we used a stepwise selection process, starting with the baseline model encompassing all candidate variables. The final model was developed using the Akaike information criterion (AIC) by subsequent dropping variables whose loss resulted in the most statistically insignificant deterioration in the model fit. For all predictive factors, odds ratios (OR) were computed with the corresponding p values and 95% confidence intervals. To control for the impact of a multicentric design, two models, with and without a "center factor," were built. These were later compared with the AIC and the likelihood ratio test (LRT) .
To analyze the impact of the FiO 2 level in the first hours of life on the later occurrence of CPAP failure, we employed ROC (receiver operating characteristic) curve analysis. The test's ability to correctly classify patients as those who will develop CPAP failure or not is represented by the area under the ROC curve (AUC). The AUC can be in the range of 0.5-1.0, wherein an AUC of 0.5 indicates that the classification model is of no value (random guessing), and a value of 1.0 designates perfect diagnostic accuracy. In turn, the cutoff point of the ROC curve designates the particular FiO 2 level that gives the most true and the least false indications of CPAP failure, and therefore best predicts the treatment effect.
Additionally, clinical outcomes between the CPAP failure and CPAP success groups were compared using Pearson's χ 2 test or Fisher's exact test. The outcomes encompassed the occurrence of death, respiratory complications including BPD, and other complications of prematurity: intraventricular hemorrhage (IVH), patent ductus arteriosus (PDA), periventricular leukomalacia, retinopathy of prematurity, and necrotizing enterocolitis.
BPD was diagnosed at 36 weeks gestational age or at hospital discharge, whichever occurred first, and the diagnostic criteria were the use of oxygen for at least 28 days and sustained oxygen dependency with FiO 2 > 0.30 (severe BPD), FiO 2 < 0.30 (moderate BPD), or breathing room air (mild BPD). IVH was diagnosed using transfontanelle ultrasonography performed according to the approved standards and was further classified using Papile's grading system.
Statistical analysis was performed with R statistical software (version 3.2, Foundation for Statistical Computing, Vienna, Austria). For all analyses, two-sided p values < 0.05 were considered significant.
Results

Participants
A total of 394 infants at less than 30 weeks gestation were included in the study. The analysis excluded data from 5 neonates who were transferred to another unit/ hospital on the first day of life, were lost to follow-up (n = 4), or did not provide sufficient data (n = 1). Thus, the final analysis was performed with 389 infants.
This study population included almost identical numbers of boys and girls, with a mean gestational age of 28.2 weeks (±1.2 SD). The mean birth weight was 1,120 g, and half of the infants weighed between 940 and 1,300 g. The median Apgar score was 8 points (interquartile range, IQR, 7-8). A total of 325 (83.5%) infants were delivered by cesarean section.
Of the 127 infants successfully treated with surfactant, LISA was used in 31, and the INSURE technique was used in 96 ( Fig. 1) . The age at surfactant treatment was not significantly different between the two techniques (a median of 1.4 h for INSURE vs. 1.3 h for LISA; p = 0.205). The median time to extubation following INSURE was 5 min (IQR 2-8).
Those infants who failed CPAP were of lower gestational age, birth weight, and Apgar scores at 5 min, had higher oxygen requirements during the first hours after birth, and more often required exogenous surfactant. Detailed clinical characteristics are provided in Table 1 .
CPAP Failure and its Predictors
Overall, CPAP failure occurred in 108 infants (27.8%; Fig. 1) , showing variable frequency depending on gestational age (failure rate from a high of 50% at 23-24 weeks gestation to a low of 22.7% at 29 weeks gestation).
In the vast majority of infants, more than one criterion decisive for MV was reported. Excessive breathing effort had 85 indications (78.7%), low blood oxygen tension had 60 (55.6%), hypercarbia had 26 (24.1%), and apnea had 25 (23.1%).
In the univariate regression model explaining CPAP failure, the following factors were significant: gestational age, birth weight, and FiO 2 level, both in the first and second hour of life. An increase in gestational age and birth weight reduced the odds for CPAP failure by 19% per gestational week and by 16% per 100 g of birth weight, respectively. In contrast, higher FiO 2 levels both in the first and second hour of life increased the odds for CPAP failure by 4.2 and 7.5%, respectively, per each percentage point of oxygen concentration (Table 2 ).
In the final multivariate regression model, birth weight and FiO 2 in the second hour of life were the predictive measures. Multiple treatment centers had no impact on the factors of interest (final CPAP predictors), and the model that did not include a center factor had significantly better goodness of fit (LRT p = 0.017) and parsimony (AIC 404.3 vs. 414.3).
In ROC analysis, FiO 2 in the second hour of life was a statistically significant predictor of CPAP failure, with an AUC of 0.7 and 95% CI 0.62-0.74 (p < 0.0001), showing a prognostic cutoff point at FiO 2 = 0.29, with a sensitivity of 73% and a specificity of 57% (Fig. 2) . Birth weight was less predictive, with an AUC of 0.64, 95% CI 0.57-0.70, and a best discrimination threshold of 1,010 g.
CPAP Results and Complication Rate
CPAP failure was associated with increased odds of unfavorable outcomes, including significantly higher rates of mortality (OR 26.5, 95% CI 7.8-90.1), an approximately 2-to 5-fold increase in the incidence of typical complications of prematurity, and respiratory complications encompassing moderate to severe BPD, as shown in Table 3 .
Discussion
The designation of risk factors for CPAP failure is crucial in the selection of an optimal method of respiratory support and may also help to find the best time point for exogenous surfactant administration. In our study, we prospectively followed a cohort of 389 newborns (< 30 gestational weeks) treated with early nasal CPAP. The overall rate of CPAP failure was 27.8%. This confirms the high efficacy of early CPAP, which was similar to that reported in other studies with the same gestational age as our study population (failure rates: 20.6% -Rocha et al. [11] ; 34% -De Jaegere et al. [10] ). However, a high success rate of early CPAP must be interpreted with some caution. A certain percentage of premature infants inevitably requires intubation in the delivery room. This study focused solely on those infants in whom an attempt of noninvasive ventilation was made. In Polish centers, such babies constitute a minority (about 38%) of all infants born before 30 weeks based on the results of a national survey of 987 preterm newborns with RDS [13] , where 333 of 573 (58%) infants < 30 weeks were intubated in the delivery room (data on file). CPAP data are presented as n (%). Crude and adjusted ORs for adverse outcomes, comparing odds in the CPAP-failure group with those of the CPAP-success group. Adjusted ORs were derived from the multivariate logistic regression model, with the following covariates: gestational age, birth weight, and 5-min Apgar score. Significant ORs are indicated in bold. CPAP, continuous positive airway pressure; BPD, bronchopulmonary dysplasia; IVH, intraventricular hemorrhage; ROP; retinopathy of prematurity; PDA, persistent ductus arteriosus; NEC, necrotizing enterocolitis.
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While investigating the predictors of CPAP failure, a number of pre-and postnatal factors were analyzed. We found no statistically significant association for delivery method, multiple pregnancy, sex, or the use of antenatal steroids.
Stepwise logistic regression identified the final multivariate independent predictors for CPAP failure, which were FiO 2 in the second hour of life and birth weight. Although the latter strongly correlates with gestational age, in the final regression model, birth weight and not gestational age played a role. In the model elaborated by De Jaegere et al. [10] , the risk of CPAP failure was highest, with birth weight ≤800 g. In our study, the threshold established in ROC analysis had a remarkably higher value (1,010 g), possibly reflecting the impact from multiple treatment centers, of which not all had equal experience. Additionally, disparities in prenatal care among the participating centers could have affected the results.
Of special interest was the FiO 2 in the first two hours of life. Univariate analysis showed a significant association with CPAP failure, and each percentage point of oxygen required in the second hour of life increased the risk of unfavorable outcome by 7.5%. Additionally, in the final multivariate regression model, FiO 2 was the most potent prognostic factor of CPAP failure. This simple indicator of oxygenation, not requiring blood sampling or sophisticated equipment, warranted further exploration. In previous studies, FiO 2 was analyzed as a dichotomous variable, and the risk for CPAP failure was compared between infants with FiO 2 below and above the prespecified arbitrary thresholds [7, 11] . In contrast to this approach, we used ROC curve analysis to determine the FiO 2 cutoff level that best indicated CPAP failure. In our cohort, this FiO 2 threshold was 0.29. Only two studies, both of which were retrospective, evaluated the ROC curve for FiO 2 . De Jaegere et al. [10] reported an FiO 2 threshold of 0.25 but did not provide any data on the accuracy and prognostic performance of this predictor. In turn, Dargaville et al. [5] reported only the approximate FiO 2 threshold of "around 0.3," averaged for their two subsets of studied infants stratified by gestational age (25-28 and 29-32 weeks).
Despite achieving statistical significance, the ROC analysis findings must be interpreted considering the indices of the accuracy of the predictor. The extremely low p value for the AUC (p < 0.0001) and the relatively narrow confidence interval correspond to the high precision with which the ROC curve was determined, and was, among others, a function of a large sample size. However, they are not the exponents of prognostic power. Our ROC curve for FiO 2 had an AUC of 0.7, which indicated adequate but not great diagnostic performance, and was lower than that in the study by Dargaville et al. [5] (AUC = 0.8). The FiO 2 threshold of 0.29 had good sensitivity (73%) and only acceptable specificity (57%), reflecting the clinically observed "overlap" of FiO 2 distribution in CPAP-success and CPAP-failure populations, with some infants avoiding MV despite higher oxygen requirements. Therefore, FiO 2 > 0.29 should be treated as a precautionary alert and an indicator of the need for surfactant administration to enhance the chance for CPAP success but not as an infallible predictor of CPAP failure.
In all study sites, the criteria for surfactant followed the European RDS guidelines [3] . FiO 2 before surfactant therapy was higher in babies who failed CPAP; however, this was unrelated to the age at surfactant administration (Table 1 ), which was not significantly different. Additionally, the technique of administration (LISA vs. INSURE) did not affect the time of intervention.
In our study, we observed significantly higher odds of complications of prematurity in the CPAP failure group. Also, after risk adjustment, the ORs were markedly higher for severe morbidity, including grade III/IV IVH, air leaks, and PDA requiring treatment. These findings are in alignment with those of other papers, which also report a striking difference in the rates of complications in infants with CPAP failure [5, 6, 14] .
In previous studies, predictors of CPAP failure were investigated either with retrospective data [5] [6] [7] 10] or in a relatively small cohort of preterm infants (n = 131, Rocha et al. [11] ). For our analysis, we used a prospective collection of data from a large population of very premature newborns with predefined medical criteria. The results add to the previous body of work on the role of oxygen requirement in the first hours after birth in predicting CPAP outcome. The FiO 2 threshold found in our study (0.29) might be considered along with similar thresholds of other authors (0.25 -De Jaegere et al. [10] ; 0.3 -Dargaville et al. [5] ) during the next revision of the European guidelines on the management of RDS. It may be reasonable to introduce a uniform FiO 2 requirement (> 0.3) for surfactant therapy instead of the current two requirements (> 0.3 in infants ≤26 weeks and > 0.4 in those > 26 weeks [3] ). A single lower FiO 2 threshold might be more closely followed in daily practice, which could potentially improve treatment outcomes.
One limitation of these analyses is the small number and limited representativeness of the most immature babies in the study cohort, with only 4 infants at 24 weeks gestation and 11 infants at 25 weeks gestation. Additionally, we lack comparative data on clinical outcomes in in- fants in whom nasal CPAP was started later or who were left on a trial of spontaneous breathing.
Given that the study involved multiple locations, the variability between sites is a major concern. We believe, however, that this does not impact the significance of our findings. The inclusion of neonate assignment (center factor) to the multivariate regression showed that it was irrelevant for the prediction of the CPAP outcome. The model that omitted the center factor had a significantly higher goodness of fit and better parsimony.
In conclusion, the efficacy of nasal CPAP in very premature newborns justifies its use as an initial method of respiratory support. The failure rate in infants < 30 weeks gestation was 27.8%, with the ultimate prognostic factors being birth weight and FiO 2 exceeding 0.29 in the second hour of life. Nonresponders have a significant increase in the incidence of complications of prematurity.
